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PURPOSE

The factors influencing breakdown in high voltage vacuum devices
will Le studied. The information obtained will provide the basis for improve-
ment in the design of microwave and modulator tubes that must operate at volt-
ages greater than 100 kilovolts without breakdown.



ABSTRACT

The pilot experiment has been continued and treatments 13 through
29 were completed. The procedures previously developed were used to obtain
the significant breakdown parameters of unconditioned and conditioned gaps in
the range 0.5 to 3.0 cm. Preliminary analyses both statistical and physical were
carried out, some trends were observed and tentative conclusions were drawn
as to the mechanism causing breakdown. Finally the 300 kv system has been
maintained in a fully operational state.



LECTURES, CONFEREN SES AND PUBLICATIONS

Lectures and Conferences

24 May 1966

The monthly meeting to review progress on the contract was held at
IPC on 24 May. G.W. Taylor from Fort Monmouth attended. The results of
the first fifteen completed treatments were discussed.

25 May 1966

A presentation was made to the Advisory Group on Electron Devices
which held its monthly meeting at IPC on 25 May. A.S. Denholm, M. J. Mulcahy,
G. K. Simcox, M.M. Thayer and A. Watson took part, and both the preliminary
experiment, the 300 kv apparatus and progress in the desigicd experiments were
discussed.

27 June 1966

The monthly meeting to review progress on the contract was held at
IPC on Tuesday 27 June. M.M. Chrepta from Fort Monmouth attended. The
results of the first 22 treatments were discussed, 16 of which had been sub-
mitted to preliminary analysis. The program schedule to completion was also
discussed.

8 July 1966

Dr. H. Doolittle from Machlett Laboratories visited IPC on 8 July
and the results of the designed experiment were discussed with him.

15 July 1966

T. Weinstein from Fort Monmouth visited IPC on 15 July to discuss
the statistical analysis of the results.

4 August 1966

The monthly meeting to review progress on the contract was held
at IPC on 4 August. G. Taylor from Fort Monmouth attended and the results
of the first 27 completed treatments were discussed.



Publications

Two papers were accepted for presentation at the Second Internation-
al Symposium on Insulation of High Voltages in Vacuum, to be held at M. I. T. on
7,8 September 1966. The titles were:

PREBREAKDOWN PHENOMENA IN VACUUM GAPS
A. Watson, A.S. Denholm and M. J. Mulcahy
Ion Physics Corporation

DESIGNED EXPERIMENTS ON HIGH VOLTAGE VACUUM
BREAKDOWN

M. J. Mulcahy, A.S. Denholm and A. Watson

Ion Physics Corporation

G. Taylor and M. Chrepta U. S. Army Electronics Command



1. INTRODUCTION

The work reported hercin describes the seventh three months of a
study of high voltage breakdown in vacuum with particular application to problems
encountered in the development of high power vacuum tubes.

- The objectives of this period were to maintain the 300 kv system in
full operational state and to continue the pilot experiment.

Ll 300 kv System

Eight system and nine electrode bakeouts were carried out and ther-
mocouple records indicate that satisfactory levels of temperature were attained.
Selected high tensile bolts were replaced in rotation after each system bakeout.
The high voltage bushing was assembled eight times without problems during the
quarter and both the Van de Graaff high voltage generator and the monitoring
apparatus have been maintained in a fully operational state. Finally, assembly
and checkout of the magnetic field and energy storage systems has been initiated.

1.2 Pilot Experiment

The pilot experiment was continued and treatments 13 through 29
were carried out. For each treatment six gaps were examined in the range 0.5
to 3.0 cm and the procedures developed during the first 12 treatments yielded
breakdown voltage and current data for unconditioned and conditioned electrodes
at all gap spacings. The results have been analysed, both statistically and un
the basis of the physical mechanisms involved and a tentative theory has been
developed to explain the breakdown trends.
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2. 300 KV TEST VEHICLE

2.1 Vacuum Chamber

Eight systems and nine electrode bakeout cycles were completed
during which no measureable chamber leaks developed. The bakeable feed-
through valve was replaced during this period and likewise the bolts and the gold
O-ring on the top plate of the bakeable column after each system bakeout.

The pressure in the chamber prior to initiation of each test was ap-
proximately low 10-7 to high 10-8 torr region for electrode only bakeout and low
10-8 torr region for full system bakeout. The Roots blower and the ion pump
were both cleaned and overhauled during the period.

2.2 Baking System

Eight full system bakeouts have been successfully completed. The
problem of severe outgassing above 200°C encountered in the previous quarter
has been overcome by allowing the system to pump down for more than 24 hours
before raising the temperature.

As reported in the previous Quarterly Progress Report, the full
baking cycle takes about 48 hours. The heaters are energised for 16 hours and
this means that the electrodes are at about 400°C for 12 hours. After comple-
tion of system or electrode only bakeout the electrodes were allowed to cool to
less than 50°C before voltage application. Thermocouple problems were en-
countered wi.th the high voltage electrode and these have precipitated a redesign
of the feedthrough connections on top of the bakeable column of the bushing.

2.3 High Voltage Power Supply

The high voltage power supply has operated satisfactorily and has
provided precise voltage control and regulation up to 300 kv with an available
current of greater than 200pA. The screens and the belt in the generator have
been replaced as also has the oil in which is housed the high voltage cable ter-
mination. It seems desireable to carry out the latter operation after every 16

treatments.

2.4 Monitoring and Recording

The monitoring and recording apparatus has functioned satisfactor-
ily providing records of the following parameters during each treatment:



e total X-radiation

e collimated X-radiation
e light output

@ partial pressure

) gap current

2.5 Magnetic Field System

The magnet coils are complete and final checkout of the power sup-
plies has been initiated.

2.6 Energy Storage System

Assembly of the energy storage system is nearly completed and final
design of the trigger circuit except the energy diverter has been started. It is
hoped to check the system out initially using an air gap at atmospheric pressure.

2.7 Feedthrough Bushing

2.7.1 General

The feedthrough bushing was assembled eight times during the re-
porting period. Only minor problems of contact between the springs and the
rings were encountered. In some cases, one or two springs were broken, but
it is of interest to note that this did not apparently effect the performance of the
bushing. It seems also that the bakeable column has become more conditioned,
evidenced by the reduction in magnitude or complete lack of those pressure surges
which were associated with gas release from the column.

2.7.2 Bakeable Column

The bakeable column has now undergone nineteen bakeouts which is
in excess of most of the estimates of its lifetime in terms of heating cycles.
Delivery of the second ceramic column from General Electric is scheduled for
the end of August.

2.7.3 Unbakeable Column

The glass-aluminum vinyseal bonded structure has operated satis-
factorily during the reporting period.



2.8 Dielectric Envelopes

Quotations for the ceramic cylinders have been recieved and are be -
ing evaluated.

2.9 Electrodes

Seventeen sets of electrodes were tested and examined during this
reporting period. Photomicro%raphs were taken of electrode surface damage

and as previously described, 1) a1l breakdown markings were categorized.
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3. PILOT EXPERIMENT

3.1 Introduction

In the reporting period treatments 13 through 29 were completed.
The procedures detailed in the Sixth Quarterly Progress Report were followed
for electrode preparation and installation, bakeout and voltage application and
similarly yielded information for unconditioned and conditioned electrodes in
the gap range 0.5 to 3.0 cm. For treatments 1 through 5 however, which were
carried out in the previous reporting period isolated breakdowns were neglected
and the repetitive breakdown voltage only was measured. From a physical analy-
sis of the results obtained by these procedures a theory of the breakdown process
was derived and compared with experimental data obtained at various stages of
conditioning. The results were also subjected to statistical analysis and prelim-
inary trends obtained.

3.2 Physical Analysis of Results

3,2.1 Procedures

The repetitive sparking technique yielded almost linear curves of
breakdown voltage, Vg as a function of gap separation, d 1/2 and the logarithm
of the current immediately prior to breakdown had a corresponding negative
linear dependence.

With the introduction of the isolated breakdown technique, however,
neither the breakdown voltage nor the logarithm of the penultimate prebreakdown
current were any longer linear functions of the square root of the gap separation.
For this technique the voltage is removed after each breakdown. Both techniques
yielded curves of Vg as a function of d at various stages of the conditioning pro-
cess. The former technique however, by neglecting isolated sparks, achieved
some conditioning at each gap separation. The isolated spark technique on the
other hand more closely approximates the other limit of achieving no condition-
ing during a test. Thus it would be expected that if it were repeated after pro-
gressively greater numbers of sparks had occurred then the corresponding curves
should tend towards those obtained by the repetitive sparking method.

3:2.2 Breakdown Voltage and Prebreakdown Current Data

During treatment abcefg (See Table 1) breakdown voltage and penulti-
mate gap current were investigated as functions of gap separation as condition-
ing progressed (Figures 1-5). The isolated breakdown technique was employed,
which is now standard procedure, and was repeated after two periods of 20 and
30 minutes of continuous sparking during each of which about 1000 sparks oc-
cured (Figure 1-3). This was followed by a two day rest and two more test
series separated by 20 minutes sparking (Figures 4 and 5). During all of these

11
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tests the prebreakdown gap current was recordcd as a function of applied volt-
age and is presented in Figure 6 and 7 which shows a sharp decline in each case.
Figure 8 shows the voltage at which this occurs as a function of the degree of
conditioning.

3.2.3 Pressure Surges

During treatments following exclusively electrode bakeout, hydrogen
pressure surges have been observed to precede gap failure at several kv below
the breakdown voltage. These have been presented as a functicn of gap separa-
tion for treatment dg (Figure 9). In this particular treatment breakdown was
accompanied by runaway in many cases. With copper electrodes particularly
there is a tendency for microdischarges to take place during pressure surges.

During one treatment the mass spectrometer was tuned on to the ni-
trogen line. Several seconds after breakdown a very small response was observ-
ed as opposed to the release of hydrogen which occurs always previous to and
during the breakdown.

3.3 Theorz
3.3.1 Breakdown Mechanism

Examination of the results to date, as well as the experience gained
from the preliminary experiment indicates that hydrogen gas evolution plays a
significant part in the breakdown mechanism. To supplement this, a simple mod-
el of the breakdown mechanism has been conceived which, it is hoped, will pro-
vide a unified breakdown theory to explain the experimental data.

All breakdown mechanisms are characterised and can in fact be de-
fined by the existence of a self regenerating process, such as an avalanche,
which ultimately prevents the particular medium from supporting a strong applied
electric field. In large vacuum gaps it is felt that the regenerative agent is hydr-
gen gas evolved from the anode.

Prebreakdown current impinges on the anode, producing a hot spot
from which hydrogen is evolved into the inter-electrode space at a rate which is
governed, among other thiags, by the amount of gas present near to the anode
surface. The electron current producing this gas is emitted from a cathode site
with a greatly enhanced field strength due to a localized projection which concen-
trates flux according to its geometry. In addition to this, however, there can be
some field enhancement associated with ionization of evolved gas by the electron
current. This ionization will be strongest close to the projection and the result-
ant current increase will raise the anode hot spot temperature, consequently re-
leasing gas at a faster rate. Thus more jonization occurs and the process can
be self regenerative until the transition to a vacuum arc is complete.

17
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This mechanism is consistent with the observation of runaway and it
will be shown tn explain prebreakdown current phenomena.

3.3.2 Field Enhancement

When field emitter tips are subjected to strong electric fields there
is a gradient of chemical potential along the crurface from regions of strong to
weak curvature. Atoms migrate along the surface, partially correcting this
gradient and establishing a distribution of curvature according to the local field
strength. The rate of migration and the characteristic tip shapes have already
been thoroughly investigated. 2 Experimental tip shapes have been shown to
enhance the field at the tip in an almost inverse proportion to the local radius of
curvature there. A good approximation has been given by Gomer(3) for the local
tip field, E, in terms of the potential V, radius r and a constant, k.

X (1)

B kr

By definition:

E = -%V- (2)

where B is the enhancement factor, d the gap separation, and V the applied
voltage. Thus:

B s (3)

(4)

At the same time the equilibrium tip radius has been shown to be related ap-

proximately to the surface tension y by the relation,

2
rE = 12wy (4)
From Equations (2), (3} and (4) we have

2
p%- = 12wy k (5)

If, however, Egis supplemented by an ionic space charge field Xg, we have

E "% T % (6)

where Eg is the new total field strength at the tip. Hence Equation (5) would no
longer be accurate. It might be surmised, however, that a highly conditioned
system would have very little gas present and Xs would be small. In such a

g ]
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case Equation (5) would be approximately valid. A linear plot of V as a function
of d1/2 would then imply that breakdown takes place for some constant critical
value of B. The non linearity of non conditioned plots would also follow readily
by taking Xg into account. It should be emphasised that the possible existence
of a constant critical field enhancement factor is not fundamental to the mechan-
ism. The local surface field Eg is the critical factor and this is achieved by
some value of § which governs X . In turn X  is not achieved necessarily at
the same value of  for all gap separations.

The development of the field emitted current and associated field
enhancement induced by gaseous ionization willnow be discussed.

3.3.3 Field Emission Current

Since neither the field enhancement factor nor the area of emitting
site remain constant as voltage is raised the gap current will not increase ac-
cording to the Fowler-Nordheim expression. Current density will follow the
Fowler-Nordheim relation, taking gaseous ionization into account by employing
the total tip field strength Eg.

2 B
Je = AES exp - (E—) (7)
s
) 2
and since rES = 12my we have
2
I =7 (l+cas 0) r J
e e
(8)
12w 2 -2 B
= |—==X| (1+cos 6) AE exp |- —
2 s E
Es s

where ¢ is defined as the angle to the axis of the protrusion within which most
of the electron current is confined and ™ r2 (1 +cos 6 ) is the effective area
of the tip. Combining equations (4) and (8)

-2 B
I = ¢ ES exp - (ES—)

L o)

=]
1}

[1\' A(1l +cos 0)} (12"7)2
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3.3.4 The Anode Temperature and Rate of Gas Evolution

After leaving the cathode the electron beam diverges to a radius R
at the anode. Simple conductive heat transfer theory 5) ghows that a beam pow-
er I, V will raise the hot spot to a temperature T above the ambient value T,
where T is the absolute temperature and

IV
e
4KR

T - Ta = (10)

where K = thermal conductivity of the anode. Gas will then diffuse from inside
the anode at a rate depending upon the local value of the gas density gradient at
dn : N
the surface, (352) . Thus the rate at which gas approaches the surface is given
8

by

. dn
n D x (11)
8
and D= D ex sl (12)
- o P kT

where h is an activation energy. The number N of these crossing the unit area
of the surface will depend on their surface 'latent heat" hs'

h
s
N = n exp (--k—T—’ (13)
: dn h + hs
Thus N = D0 (& ] exp |~ T (14)

The value of N will fluctuate giving rise to current fluctuations.
This is because in fact gas tends to be evolved in surges. The total rate of gas
evolution will be proportional to the hot spot area ¥ Rz. Hence

. 2 dn h+hs
N= TR Do &s exp |\— %7 (15)

To preserve analytical simplicity (although this may not always be
justified) the approximation T - Ta. = T will be made. Hence from Equation
(10) and (15)

N = ng exp [— f}i\T} (16)
e

w
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"dn

where gEﬂDo‘\&s
h+hs
and HE——k—— . 4K

Chatterton(é) has obtained an expression for R interms of r and
sin 9. He finds:

R = Zdl/2 Br bz sin 6 (17)

Hence from Equation (3) we have:

R=1\d
(18)
where \ = Zkl/2 sin 6
Hence:
oo 2 .2 Hxd
N= g\ d exp v (19)

Curves are plotted in Figure 10 of N/gxz as a function of d for
four arbitrary values of

1V
mt
HX

w

From these N is derived as a function of w at various values of d. (Figure 11)
showing the manner in which the rate of gas evolution increases with prebreak-
down power dissipation at various gap separations.

It remains now to describe the manner in which the cathode field is
enhanced by the presence of gas.

B 41315 The Ionic Space Charge Field

Close to the cathode projection there is a region of high ionization
probability where the electrons have just been accelerated to about the ionization
potential of the evolved gas. Between here and the cathode surface the ion cur-
rent density J, and electron current density J, generate a(s?mbined space
charge field which has the value Xs on the cathode surface.

25
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o,

Where (20)

and U is the potential difference between the region of ion generation and the
cathode surface i.e., U = ionization potential of the gas. For hydrogen m, =

1837 m, and so J, must be greater than Jo/43 to generate a field enhancement.

Gas will accumulate to a density N depending on N and the pumping
conductance of the gas S which is considered independent of gap separation for
analytical simplicity.

N
N = ? (21)

Ions will be generated at the rate

a. o, .
X 1 1 -
Ty 2N 2 NI TS <_s> T & (22

where cri is the cross section for ionization.

Thus
J o
+ i .
T - (;g) . N (23)
e
o m
2 i + .
Xs = ¢ Je (-:E ;E-) N -1 {24)

Equation (24) can now be used together with Equation (6) to describe
the manner in which the surface field Eg at the tip of the cathode protrusion var-
ies with applied voltage. We have
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But
2
rEs = 12ny
and
Ie
Je Z (26)
mr (1 4 cos@)
E
. \ 2 5 ¢
LN ] E = 7 S e
] 127 yk Es % 12y m™ (1l + cos @) Ie

WAS m F(1/2
(V) o
eS me
VE o m,\ . 1/2
. 5 ¢ i +
Tk lemy - m (1 4 cosO)Ie [(e_s-‘\/—rrZ) N-:l

(27)

Inspection of this shows that when N is low Eg is inversely propor-
tional to V. At a sufficiently large value of V, both I¢ and N become great
enough to reduce the value on the right hand side of this equation and consequent-
ly E, drops below the value 12 my k/V. The magnitude of the reductio will
be greater for large values of I,. Moreover, siace N is proportional to?
then if this is low, a higher voltage V and surface field Ej will be required to
generate a particular value of N. Thus at different stages of cond1t10n1ng the
voltage at which this phenomenon occurs should increase.

3.4 Interpretation of Results

Throughout the treatment abcefg, in which current was monitored
| ‘ as a function of voltage up to breakdown, the curves obtained (Figures 12 and 14)
appeared concave to both the ordinate and abscissa axes. The shapes varied
somewhat with gap separation and voltage and are strikingly similar to those
of Figure 13 which displays the variation of gas evolution rate with increasing
power dissipation. This occurs because of the role played by gaseous ionization
in modulating the field enhancement at the cathode and hence the current from

it.
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The penultimate gap current has been plotted as a functicn of the
corresponding voltage (the breakdown value) in Figure (7). These graphs each
show a sharp drop in current at a particular gap separation and voltage, the
phenomenon following the theoretically predicted behavior described by Equa-
tion (27). The magnitude of the drop increases at high currents and another
graph (Figure 8) has been drawn to show that the voltage at which it occurs ap-
parently increases with the experimental sequence, i.e., with conditioning.

In conclusion it appears that there is some experiraental support for

the theory outlined. Analysis is continuing to describe the form of the break-
down voltage as a function of gap separation.

835 Statistical Analysis of Results

The unconditioned and conditioned breakdown values for the 1.0 cm
gap have been used for the preliminary statistical analysis of treatments 5
through 28, i.e., 24 treatments: the other gaps will be examined at a later date.
The factors and levels are shown in Table 1.

Before presenting the results of the analysis and discussing the trends,
the objectives of the pilot experiment should be borne in mind. Apart from inves-
tigation of the effects of the seven factors, these were familiarization with the
apparatus and with the statistical technique and finalization of a procedure which
could be used for all future tests. In fact, the procedure described in this report
was not finalized until after about 9 treatments has been completed. Within this
frame of reference, the analy:is to date has yielded the followirg:

(1) The trends for the unconditioned values are given in Table 2.
Positive signs signify that the breakdown voltage is increased when the relevant
factor or factors are at the higher level and decreased when they are at the lower
level; negative signs signify the reverse. Thus, for example, examining shape
factor B, when the cathode geometry is Bruce profile the volcage is reduced by
6.7 kv and increased by 6.7 kv when the cathode is a sphere. However, since
the standard deviation is 6.7, there is a low level of confidence in the trends of
Table 2 especially beyond the top four. An encouraging factor, however, is
that this standard deviation has decreased from 7.4 for 22 treatments to the pre-
sent value of 6.7 for 24 treatments.

2) The trends for the conditioned breakdowns exhibit a wider
scatter such that the level of confidence is zero, not a surprising result consid-
ering the almost inherent uncertainties of the conditioning process. For example,
after conditioning material transfer has occurred; in some cases strong etches
appeared which persisted, while in other cases no etches appeared or they quick-
ly disappeared. This is being examined further with a view to standardizing the

conditioning.
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Table 1. Factors and Levels for Pilot Experiment

Factors Letters l‘fﬂ
. 1 - Ti-7 Al-4 Mo
Cathode Material C & ¢ - OFHC Cu
g - Fine
Cathode Finish G < ] - Coarse
b - Bruce Profile
Cathode Geometry B < ]l - Sphere
1 - Complete System Bakeout
Bakeout D < d - Electrode Bakeout Only
1 - Ti-7 Al-4 Mo
Anode Material A < a - OFHC Cu
f - Fine
Anode Finish F < 1 - Coarse
) e - Bruce Profile
Anode Geometry E < 1 - Sphere

Thus treatment abcefg is a test consisting of an OFHC anode in the shape of a
Bruce Plane with a fine surface finish apposing an OFHC cathode, Bruce Plane
with a fine finish. For this treatment the complete system is baked out.
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Table 2. Trends for Unconditioned Breakdown Voltages of
1.0 cm Gaps (Treatments 5 through 28)

Factors Trend
AE + BC -9. 0
D +7. 0
B -6, 7
BD -6, 6
E -6, 2
AB + CE -5.3
AG -4, 4
AD +4, 1
CD +3.8
DG =3.7
C +3.5
G +3. 4
EG -3.4
BE + AC +3. 4
DE +2.7
A -2, 5
EF 2,2
F +2, 1
AF =2.1
CF +2.0
DF +1. 8
BG -1. 8
FG +1.3
BF -0. 8
CcG -0.2
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(3) There is a trend towards increasing breakdown voltage with
run number, as though the apparatus and/or the electrodes are undergoing long-
term conditioning. The slope of this trend curve for electrode only bakeout is
three times that for system bakeout.

(4) There is indication that the history of the electrodes may have
some significance. However, no conclusions are warranted as yet.

3.6 Conclusions

The main statistical conclusion to date is that the effect of no factor
on simple combination of factors has proved strong enough to overcome the stand-
ard deviation or error function. This may be explained partly by the fact that
the experiment is not yet complete and also by the fact that the procedure was
not finalized until about 9 treatments has been completed. However, the possi-
bility should not be ruled out that variations in the level of some uncentrolled
factor may be responsible. Such a factor, for example, may be the bakeout temp-
erature or the gas content of the electrodes. More meaningful conclusions will
be drawn when the pilot experiment has been completed and the earlier treat-
ments repeated.

Meanwhile, even these preliminary treatments have been of great
value in that they have highlighted the need for controlled experimentation in
vacuum breakdown to g2t meaningful results, and also the danger of drawing un-
warranted conclusions from insufficient data. Several parts of this experiment,
if conducted in isolation, could easily have led to conclusions which are shown
to be unwarranted by the total experiment to date.
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5. FUTURE EFFORT

During the next quarter the following will be pursued:

The pilot experiment will e continued.

The results will be tabulated and analyzed.

Electrodes will be prepared, examined and photographed.

The 300 kv system will be maintained in an operational state.
The magnetic field system will be checked out.

Final design and assembly of the energy storage system will be
initiated.

Dielectric cylinders will be prepared for test.
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